Introduction
============

Cachexia is defined as "weight loss, wasting of muscle, loss of appetite, and general debility that can occur during a chronic disease".[@b1-ijn-12-8531] This pathologic syndrome is frequently associated with such diseases as cancers, heart failure, or chronic renal failure.[@b2-ijn-12-8531] For several years, much attention has been paid to ghrelin (Ghrl)[@b3-ijn-12-8531],[@b4-ijn-12-8531] for the management of cachexia. Ghrl is a naturally occurring orexigenic peptide hormone that is secreted mainly by the stomach and intestine into the blood.[@b5-ijn-12-8531] Ghrl is characterized by a cationic charge and an octanoyl group positioned on Ser3 residue.[@b6-ijn-12-8531] This fatty-acid chain confers relative hydrophobicity to the peptide and allows it to bind specific receptors located into the hypothalamus, known as growth-hormone secretagogue receptors (GHSR).[@b7-ijn-12-8531] Ghrl stimulates food intake via GHSR1As, thus inducing a release of orexigenic neuropeptides from hypothalamic neurons.[@b8-ijn-12-8531] Ghrl also causes a reduction in inflammatory cytokine levels involved in cachexia.[@b9-ijn-12-8531]

In the body, this peptide hormone is subject to very rapid degradation, due to hepatic first-pass, plasmatic enzyme digestion (mainly by plasmatic butyrylcholinesterase),[@b10-ijn-12-8531] rapid renal elimination and pH-sensitive degradation (pH above physiological pH). These lead to a very short plasmatic half-life (*t*~½~ of acylated Ghrl in human plasma is about 9--13 minutes).[@b11-ijn-12-8531]

In this context, the intranasal delivery of Ghrl through the nose--brain pathway could be promising. This pathway is characterized by direct transfer from the nose to the brain via intra or perineural routes through olfactory and/or trigeminal neurons.[@b12-ijn-12-8531] Nose--brain could be advantageously used for chronic brain administration of large and sensitive compounds, such as biotherapeutics.

However, nose--brain delivery suffers from major limitations. These include mucociliary clearance, enzymatic degradation, and limited permeation of large molecules.[@b13-ijn-12-8531] Therefore, a formulation able to protect Ghrl from nasal enzymes, increase its residence in the nasal cavity, and improve its transfer through the olfactory epithelium could be promising in the management of cachexia. To our knowledge, only a limited number of studies have focused on the development of formulations containing Ghrl, and these were intended for parenteral administration.[@b14-ijn-12-8531] The intravenous route, which is rather cumbersome for chronic administration,[@b15-ijn-12-8531] has been the most exploited for Ghrl administration,[@b16-ijn-12-8531] while intranasal delivery has been considered very rarely. A recently published study was focused on the nasal administration of a vaccine containing Ghrl-antigen for the management of obesity, but this was not intended for nose--brain delivery.[@b17-ijn-12-8531] Other studies have focused on chemical modifications of the peptide chain or on the use of GHSR agonists (eg, anamorelin) to gain better bioavailability and/or stability compared to physiological Ghrl.[@b18-ijn-12-8531],[@b19-ijn-12-8531] As such, the development of such a nose--brain treatment containing Ghrl has never been considered, and would provide better compliance (thanks to the noninvasiveness) associated with higher efficacy (eg, by avoiding plasmatic enzyme degradation). This could very clearly improve the prognosis of major pathologies (eg, cancer or heart failure) associated with this syndrome.

In this work, the formulation strategy involved liposomes, due to their potential application for nose--brain delivery[@b20-ijn-12-8531],[@b21-ijn-12-8531] and potential protection against enzymatic degradation. Chitosan, which has been well studied in the context of nasal delivery,[@b22-ijn-12-8531]--[@b24-ijn-12-8531] was the second excipient selected, due to its permeation-enhancing effect and mucoadhesive properties. In this first study, the formulation was developed and optimized on the basis of the strategy described and characterized. The main objective was to study the formulation deeply before going further on its characterization in animals.

Materials and methods
=====================

Materials
---------

Synthetic human octanoylated (1--28 amino-acid sequence, purity \>98%) Ghrl was purchased from Scipeptide (Shanghai, China). Acetonitrile, methanol, trifluoroacetic acid (TFA), dichloromethane (all solvents high-performance liquid chromatography \[HPLC\] grade), dihexadecyl phosphate (DHDP; purity ≥98%), human isoform B carboxylesterase 1 (Ces1; activity ≥500 units/mg protein), cholesterol (purity ≥99%) and mucin type 1S were obtained from Sigma-Aldrich (St Louis, MO, USA). Minimal essential medium nonessential amino acids (MEM NEAAs), gentamicin 50 mg/mL, sodium pyruvate 100 mM, heat-inactivated FBS, [l]{.smallcaps}-glutamine 200 mM, 0.25% trypsin (Tryp)--EDTA phenol red, Hank's balanced salt solution (HBSS) and penicillin--streptomycin were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Soybean phosphatidylcholine (Lipoid S100) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP; chloride salt) were purchased from Lipoid GmbH (Ludwigshafen, Germany). *N*-(\[2-hydroxy-3-trimethylammonium\] propyl) chitosan chloride (HTCC) with 92 kDa molecular weight, deacetylation of 80%, and substitution of 33% was purchased from KitoZyme (Herstal, Belgium).

Ghrl-stability evaluation
-------------------------

Ghrl (1 mg/mL) solutions in Milli-Q water (PureLab system; Elga LabWater, High Wycombe, UK), phosphate buffered saline (PBS) pH 7.4, and HBSS pH 7.4 were exposed to various temperatures at 4°C, 25°C, 37°C, and 60°C and different pH levels of 2--10.4 (each buffer was exposed to all temperatures). The buffers were selected according to the requirements of the *European Pharmacopoeia* eighth edition (PBS pH 2, acetate buffer pH 4.4, sodium dihydrogen phosphate buffer pH 6, PBS pH 7.4, boric acid buffer pH 9, and borate buffer pH 10.4). Then, 500 µL samples were drawn at predefined times (0.5, 1, 2, 3, 4, 5, 6, 24, and 48 hours) to evaluate the potential kinetics of Ghrl degradation using a suitable HPLC/ultraviolet (UV) method.[@b25-ijn-12-8531]

Preparation of liposomes and HTCC-coated liposomes
--------------------------------------------------

The lipid film-rehydration protocol was selected for liposome preparation.[@b26-ijn-12-8531] Briefly, 100 mg lipid mixture was introduced into a 50 mL round-bottomed flask. Neutral liposomes (NLs) were obtained using a mixture of neutral lipids composed of cholesterol and Lipoid S100 50%:50% (w:w). Replacing 10% w:w of neutral lipids with DHDP or DOTAP allowed the formation of anionic liposomes (ALs) or cationic liposomes (CLs), respectively ([Table 1](#t1-ijn-12-8531){ref-type="table"}). Then, 10 mL of an organic solvent mixture (dichloromethane:methanol 50%:50% v:v) was added to obtain a final lipid concentration of 10 mg/mL. The organic phase was evaporated using a Rotavapor R-205 (Büchi Labortechnik, Flawil, Switzerland) at 60°C. Pressure was set at 250 mmHg for 10 minutes and 150 mmHg for the next 10 minutes. The lipid film was then rehydrated at 30°C for 1 hour with 10 mL PBS pH 7.4, which contained Ghrl (1 mg/mL). Before extrusion, large multilamellar vesicles were briefly sonicated by means of a VCX 500 probe sonicator (Vibra-Cell; Sonics and Materials, Newton, CT, USA) for 30 seconds with 30% amplitude. The large multilamellar vesicles were then extruded through a LiposoFast LF-50 extruder (Avestin, Ottawa, ON, Canada) to produce large unilamellar vesicles. The extrusion process was carried out through polycarbonate membranes characterized by porosities of 1, 0.4, and 0.1 µm (EMD Millipore, Billerica, MA, USA).

For preparation of HTCC-coated ALs (HTCC-ALs), a suitable amount of HTCC was weighed and dispersed under magnetic stirring in PBS pH 7.4 overnight to obtain a final solution (10 mg/mL) that was translucent and homogenous. Then, 9 mL ALs (10 mg/mL) were coated with 1 mL HTCC (10 mg/mL), which was added dropwise under magnetic stirring at 3,000 rpm to obtain a tenfold dilution of the initial HTCC solution (1 mg/mL). The dispersion of coated-liposomes was left for 1 hour under magnetic stirring before being left overnight at 4°C.

Evaluation of size, ζ-potential, and encapsulation efficiency
-------------------------------------------------------------

*Z*-average and ζ-potential of ALs, NLs, CLs, and HTCC-ALs containing or not containing Ghrl (1 mg/mL) were evaluated in triplicate at 25°C, with 1 minute of equilibration time and without dilution. Evaluations were done using dynamic light scattering and electrophoretic mobility, respectively (Zetasizer Nano ZS; Malvern Instruments, Malvern, UK). Size measurements were performed with "semimicro" disposable cuvettes in polystyrene (Brand GmbH, Wertheim, Germany), and results expressed in terms of *Z*-average (means ± SD) and polydispersity index (PDI). Disposable folded capillary cells were used for ζ-potential evaluation, and results expressed in terms of means ± SD.

To determine the Ghrl loading of liposomes, suspensions were centrifuged at 13,500 rpm through Amicon Ultra-15 centrifugal tubes with a 100 kDa cutoff (Merck KGaA, Darmstadt, Germany) for 30 minutes at 25°C. Additionally, a PBS pH 7.4 solution of unloaded Ghrl was centrifuged to confirm the nonadsorption of the peptide on the filter. The total amount of Ghrl (Ghrl~total~) that was contained in the initial liposome suspensions was determined by HPLC. Following the solubilization of liposomes (confirmed by dynamic light scattering) in the mobile phase, Ghrl was released for quantification. The encapsulation efficiency (EE) of Ghrl in ALs, NLs, and CLs was determined indirectly by quantifying Ghrl in the filtrate and using the equation: $$\text{EE}(\%) = \left( \frac{\lbrack\text{Ghrl}_{\text{total}}\rbrack - \lbrack\text{Ghrl}_{\text{Filtrate}}\rbrack}{\text{Ghrl}_{\text{total}}} \right) \times 100$$

Tests were performed in triplicate, and percentages expressed as means ± SD.

HPLC/UV method for Ghrl quantification
--------------------------------------

The HPLC method adapted from the literature[@b25-ijn-12-8531] used a TSKgel ODS-120T 150×4.6 mm, 5 µm particle column coupled with a TSKgel ODS-120T 3.2×1.5 cm (Tosoh Bioscience, Tokyo, Japan) guard gel. The column was kept at 37°C. The mobile phase was a mixture of Milli-Q water--TFA 0.1% v:v (phase A) and acetonitrile--TFA 0.1% v:v (phase B). The mobile-phase gradient used was linear, from 12% (0 minutes) to 52% (32 minutes) in phase B. The wavelength was fixed at 210 nm, and the flow rate was set at 1 mL/min. The lower limit of quantification was 5 µg/mL. The HPLC system used was a 1100 series from Agilent (Santa Clara, CA, USA).

Enzymatic protection after trypsin and carboxylesterase-1 exposure
------------------------------------------------------------------

Both Ghrl in solution and Ghrl-loaded (1 mg/mL) ALs, NLs, and CLs (10 mg/mL) were exposed to Tryp solution (140 IU/mL) for 15 minutes at 37°C after dispersion in a vortex mixer (Vortex Genius 3; IKA, Staufen, Germany). Enzymatic digestion was stopped by the addition of 100 µL TFA (10% v:v). Ghrl~total~ was determined in the initial liposome suspensions using HPLC. The mobile phase containing acetonitrile allowed the destruction of liposomes and the release of Ghrl for the quantification of Ghrl~total~. The remaining amount of nondegraded Ghrl was determined by withdrawing 500 µL solution for HPLC quantification. The percentage of Ghrl protected by liposomes was determined thus: $$\text{Ghrl}_{\text{protected}}(\%) = \frac{\text{Ghrl}_{\text{non~degraded}}}{\text{Ghrl}_{\text{total}}} \times 100$$

To get a better idea of the Ghrl position with regard to ALs, the lipid-film rehydration protocol was used and Ghrl (1 mg/mL) added during rehydration or after the rehydration step (postformation). If rehydration allowed Ghrl to access the AL internal aqueous compartments, it would be less impacted by enzymatic digestion than ALs produced by postformation. Indeed, Ghrl had more difficultly accessing the AL internal aqueous compartment and was only adsorbed at the exterior of liposomes when added after AL formation. Both formulations were then exposed to Tryp degradation for 15 minutes at 37°C. The remaining Ghrl was determined using HPLC/UV.

After this, ALs were exposed to a second enzyme: Ces1 (124 IU/mL, PBS pH 7.4, for 15 minutes at 37°C). The effective protection of loaded Ghrl was determined using the same protocol as for Tryp. The remaining Ghrl was determined by withdrawing 500 µL suspension for HPLC/UV analysis and using [Equation 2](#fd2-ijn-12-8531){ref-type="disp-formula"}. All experiments were repeated in triplicate, and are expressed as means ± SD.

Isothermal titration calorimetry
--------------------------------

In order to study the interaction between Ghrl and ALs, isothermal titration calorimetry (ITC) experiments were performed as previously described.[@b27-ijn-12-8531] All measurements were performed at 25°C using a MicroCal VP-ITC (Malvern Instruments) with a sample cell volume of 1.4565 mL. Solutions were degassed in a sonic bath for 10 minutes prior to use. A 300 µL syringe was filled with a suspension of AL-free (anionic liposome without Ghrl) PBS 10 mg/mL, pH 7.4. The reference cell was loaded with Milli-Q water. For the blank and the sample, the measuring cell was loaded with PBS pH 7.4 and a 1 mg/mL Ghrl solution in PBS pH 7.4, respectively. The measuring cell was magnetically stirred at 300 rpm during the experiments. Titration experiments were performed by consecutive injections of 10 µL AL-free (10 mg/mL) into Ghrl solution (1 mg/mL). Each injection lasted 14.5 seconds. A delay of 600 seconds between each injection was applied until a steady state was reached. The resulting heat flows were recorded and raw data processed using the software provided by the manufacturer (Origin version 7; OriginLab, Northampton, MA, USA).

Raw ITC data were processed according to the cumulative model previously described[@b28-ijn-12-8531] and applied to molecules other than Ghrl[@b27-ijn-12-8531],[@b29-ijn-12-8531] to obtain the thermodynamic parameters characteristic of the interaction of Ghrl--AL-free. Thermodynamic parameters considered were binding coefficient (K), variation in Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (TΔS). If the Ghrl--AL-free interaction is spontaneous, ΔG should be negative. The titration was repeated twice and expressed as the mean value.

Transmission electron microscopy
--------------------------------

Here, 20 µL ALs and HTCC-ALs were deposited on Formvar carbon-coated electron-microscopy grids. Then, 1--2 µL glutaraldehyde 25% v:v was added to fix the liposomes. The preparation was left overnight at 4°C. Grids were transferred onto a drop of distilled water for washing and left for 2 minutes (three times). For contrasting and embedding, grids were placed onto a drop of methylcellulose--uranyl acetate (ratio 9:1 m/m) mixture for 10 minutes in an ice bath. The grids were removed and the excess fluid blotted by gently pushing the loop sideways on filter paper. A thin film was left over the section side of the grids. Observations were performed using a Tecnai 10 electron microscope (FEI, Hillsboro, OR, USA) operating at an accelerating voltage of 100 kV. Images were analyzed and processed using transmission electron microscopy (TEM) analysis (Olympus Soft Imaging Solutions, Münster, Germany).

Evaluation of osmolality and determination of mucoadhesion
----------------------------------------------------------

Osmolality was determined in triplicate with an Osmomat 3000 (Gonotec, Berlin, Germany). The instrument used the freezing point to evaluate the osmolality. A volume of 50 µL ALs or HTCC-ALs was used to determine the value. For assessing mucoadhesion, a colorimetric method was used to determine the residual amount of free mucins that were not precipitated due to complexation with the formulation.[@b30-ijn-12-8531] A defined volume of 2 mL HTCC-ALs or ALs was added to 6 mL mucin solutions (0.5 mg/mL). The preparation was left for 20 minutes (similar to mucociliary clearance time)[@b31-ijn-12-8531] at 37°C and then centrifuged at 3,000 *g* for 4 minutes. Then, 2 mL supernatant was withdrawn to determine the amount of free mucin. The percentage of mucins fixed by the formulation was determined indirectly by subtracting the quantity of unfixed mucins in the supernatant from the initial quantity of mucin (0.5 mg/mL), and expressed as a percentage: $$\text{Mucins~fixed}\ (\%) = \frac{(Q_{\text{total~mucins}} - Q_{\text{mucins~in~supernatant}})}{Q_{\text{total~mucins}}} \times 100$$

The test was performed in triplicate, and results are expressed as means ± SD.

Permeation through Calu3 monolayer
----------------------------------

Frozen Calu3 cells obtained from ATCC (Manassas, VA, USA) were used with passages 15--20. The culture medium used was MEM NEAAs with 1 mL gentamicin (50 mg/mL), 5 mL sodium pyruvate (100 mM), 50 mL heat-inactivated FBS, 5 mL [l]{.smallcaps}-glutamine (200 mM), and 5 mL penicillin--streptomycin. The medium was renewed every couple of days. Cells were subcultured with a dilution factor of 1:3 from flask to flask. Cells were maintained at 37°C and 95% O~2~/5% CO~2~.

Inserts used to establish the air--liquid interface culture were composed of HA-mixed ester cellulose membranes with 0.45 µm porosity and a surface of 4.2 cm^2^ adapted for six-well plates (Merck). For inoculation in inserts, Calu3 cells from confluent T75 flasks were detached by means of a Tryp 0.25% w:v solution and suspended in 12 mL thawed culture medium. To the apical side of each insert, 2 mL cell suspension was added to get a fully filled six-well plate of inserts (5×10^5^ cells/cm^2^). The basal side was then filled with 2 mL thawed MEM NEAAs. The apical compartment was emptied 24 hours after inoculation and the basal side medium renewed to allow the growth and polarization of the cells under the air--liquid interface.

Transepithelial electrical resistance (TEER) was monitored during the cell experiments by means of an epithelial volt/ohm meter (EVOM2; World Precision Instruments, Sarasota, FL, USA). TEER measurements reflect cell-monolayer integrity. Values are expressed after subtracting the value of the blank insert and normalizing for surface area (4.2 cm^2^). For routine TEER evaluations, 2 mL fresh medium was added to both the apical and the basal sides. Cells were allowed to equilibrate for 30 minutes prior to taking measurements. A polarized monolayer was obtained approximately 10 days after inoculation.

Before adding solutions or formulations of interest to the apical compartment, the monolayer was washed twice with HBSS pH 7.4. Then, 2 mL HBSS pH 7.4 were added to both the apical and the basal side. Cells were allowed to equilibrate for 30 minutes. TEER was then measured, and HBSS pH 7.4 from the apical side was replaced with the formulation or solution. Each formulation or solution was introduced in three different inserts to perform the test in triplicate. The compounds of interest were allowed to diffuse for 3 hours, and TEER was assessed at specific times during the experiments (ie, 30, 90, 150, and 180 minutes) and 24 hours after the end of the test to assess the recovery of the cells. After the 3 hours' diffusion, 500 µL apical and basal medium each was sampled and quantified.

For the first permeation study, caffeine (Caf; 1 mg/mL), salmon calcitonin (Cal; 1 mg/mL), and Ghrl (1 mg/mL) solutions were dropped onto the apical side with or without solubilized HTCC (1 mg/mL). Caf,[@b32-ijn-12-8531] Cal,[@b33-ijn-12-8531] and Ghrl[@b25-ijn-12-8531] were then quantified using HPLC/UV. For the second part of the Calu3 experiments, both AL and HTCC-AL permeations were studied and compared.

Droplet-size distribution
-------------------------

The size distribution of the droplets generated from nasal devices was evaluated by laser diffraction using a Spraytec apparatus (Malvern Instruments). Liquid multidose spray VP3 pumps were kindly provided by Aptar Pharma (Le Vaudreuil, France). The VP3 device is presented as offering a high dose accuracy (volume delivered 93 µL per spray), even with viscosity changes that can be encountered with HTCC. The device is also suitable for suspensions and viscous formulations. The results generated with this device were compared to those collected from another standard device, the SP270 (Rexam Pharma, La Verpillière, France). Before each evaluation, nasal devices were manually shaken and the first five doses generated discarded in order to initiate the device. Spraytec parameters were fixed, with test duration of 3,000 milliseconds, data-acquisition rate of 1,000 Hz, and transmittance of 96%. Measurements were performed at room temperature and expressed in terms of median volume diameter (Dv~50~), mean Dv (Dv~4,3~) and percentage of volume distribution \<10 µm.

Results and discussion
======================

Evaluation of size, ζ-potential, and encapsulation efficiency
-------------------------------------------------------------

Before any formulation or development step, Ghrl was subjected to both temperature and pH variations to assess its stability for further experiments. Stability was optimal when both pH and temperature were decreased, as previously confirmed by other studies.[@b25-ijn-12-8531],[@b34-ijn-12-8531] At physiological pH, it was found that experimentation involving prolonged heating (eg, cell-culture or lipid-film rehydration) could be performed without any degradation.

Size measurements were performed, and all free liposomes were characterized by *Z*-average increase after addition of Ghrl. AL, NL, and CL formulations were 10--15 nm larger after loading ([Table 2](#t2-ijn-12-8531){ref-type="table"}). This slight increase in size still reflected an interaction with Ghrl, most probably driven by hydrophobic interaction between the octanoyl chain of acylated Ghrl and the lipid bilayer. All formulations were characterized by low PDI, corresponding to a narrow and monomodal size distribution.

In addition to the increase in *Z*-average, ζ-potential also increased (or was neutralized in the case of ALs) when Ghrl was incorporated in all liposomes. At pH 7.4, Ghrl is positively charged, as its isoelectric point is at 11.5.[@b35-ijn-12-8531] This could explain why the most radical change was observed with ALs (13.7 mV). Indeed, a lower increase in ζ-potential was observed with the other formulations, probably due to the absence of electrostatic attraction between cationic Ghrl and NLs or CLs. Study of the ζ-potential showed a neutral charge (0.5±0.4 mV) for NL-free, whereas negative (-14.0±0.7 mV) and positive (13.5±1.5 mV) charges were obtained for AL-free and CL-free ([Table 2](#t2-ijn-12-8531){ref-type="table"}). The charge modulation was made possible by replacing 10% w:w of neutral lipids (cholesterol and Lipoid S100) with DHDP or DOTAP ([Table 1](#t1-ijn-12-8531){ref-type="table"}). The negative charge of DHDP was conferred by the phosphate group and used to produce ALs, while the ammonium residue afforded a positive charge to DOTAP and was incorporated into the CLs.

As is often the case with interactions involving charged peptides and liposomes, both hydrophobic and electrostatic interactions are involved.[@b36-ijn-12-8531],[@b37-ijn-12-8531] However, when looking at EE, it can be seen that electrostatic interactions have a clear impact in the case of Ghrl.[@b38-ijn-12-8531] By providing a negative charge to ALs, the percentage of Ghrl loaded in ALs was fivefold higher compared to CLs ([Table 2](#t2-ijn-12-8531){ref-type="table"}). This resulted in EE of 56.1%±7.8%, 21.3%±4.1%, and 9.8%±3.7% for ALs, NLs and CLs, respectively. The general trend followed by the *Z*-average, ζ-potential, and EE suggested that the theoretical Ghrl--AL interaction would be more pronounced than for other formulations.

Enzymatic protection after trypsin exposure
-------------------------------------------

All liposome formulations (ALs, NLs and CLs) were exposed to Tryp, an endoprotease that cleaves peptide bonds between basic AAs, such as lysine or arginine, and other residues. As Ghrl contains seven lysine/arginine residues in its primary structure, sensitivity of the peptide upon contact with Tryp was compared between Ghrl in solution and Ghrl-loaded liposomes. Ghrl solution was used as a degradation reference, due to its rapid and complete digestion by Tryp within 15 minutes of incubation.

The protection afforded by all liposomes to Ghrl showed a logical evolution: where enzymatic protection increase, the ionic charge of liposomes became anionic (ALs) ([Table 3](#t3-ijn-12-8531){ref-type="table"}). This trend may be explained by higher EE ([Table 2](#t2-ijn-12-8531){ref-type="table"}) obtained with ALs in comparison with CLs and NLs. When EE is increased, less Ghrl is potentially exposed for enzymatic degradation. Protection reached 20.6%±4.2% for ALs compared to 10.2%±2.9% for NLs and 5.6%±1.4% for CLs. As can be seen, Tryp led to a consequent degradation of Ghrl, even when it was loaded into the liposomes. This can be explained by the fact that most Ghrl had its hydrophilic body outside the liposome and this body contains the sites of Tryp cleavage. These results support the fact that electrostatic attractions between ALs and Ghrl resulted in an increase in both loading and protection, while electrostatic repulsions with CLs decreased them.

In the nasal cavity, numerous enzymes, such as the CYP450 family, flavin-containing monooxygenase, aldehyde dehydrogenases, epoxide hydrolase, carboxyl esterase, and phase 2 enzymes, can be found.[@b39-ijn-12-8531] Moreover, the olfactory epithelium appears to have intense metabolic activity,[@b40-ijn-12-8531] and CYP450 activity can be even higher than in the liver.[@b41-ijn-12-8531] For instance, peptide hormones, such as insulin, can be rapidly metabolized after nasal delivery.[@b31-ijn-12-8531] These observations usually justify the use of enzyme inhibitors in formulations used for nasal drug delivery, and more particularly when the olfactory region is targeted. Indeed, Cal quantity after permeation through rat nasal mucosa has been found to be higher when Tryp inhibitors were added to the formulation.[@b42-ijn-12-8531] Therefore, it is relevant to develop a formulation that can both enhance nasal permeation and provide effective protection against enzymatic degradation, especially for biotherapeutics.

The next step was evaluation of Ghrl quantity effectively inserted inside liposomes instead of being adsorbed at their surface. The degradation of Ghrl was thus evaluated using the conventional protocol of rehydration of lipid film, where Ghrl was added during the formation of ALs in PBS pH 7.4, but also using a second method where Ghrl was allowed to diffuse in already-formed ALs (ie, the postformation method). Both formulations were exposed to Tryp degradation for 15 minutes at 37°C. With the postformation method, Ghrl could only be fixed onto the outer side of the liposome, with the octanoyl group embedded in the lipid bilayer and the peptide body easily accessible outside the liposomes. With this method, intact Ghrl remaining after digestion should be lower than with the rehydration method. With the rehydration method, the Ghrl peptide body should access the internal aqueous cavity of the lipid structure, resulting in higher protection. It was observed that the protection obtained with rehydration (24%±3.7%) was clearly higher than with postformation (0%) after Tryp exposure ([Table 3](#t3-ijn-12-8531){ref-type="table"}).

This suggests that with the rehydration method, some of the encapsulated Ghrl could be incorporated inside the lipid structure. On the other hand, Ghrl added by postformation could not reach the internal aqueous cavity or the hydrophobic bilayer, and was thus more exposed to Tryp. This configuration, as well as the need of Tryp to access the main peptide body for digestion, would explain the complete degradation of Ghrl when the postformation method was used.

Enzymatic protection after carboxylesterase-1 exposure
------------------------------------------------------

Based on the positive results previously obtained with ALs, all further experiments were conducted with these liposomes from this point. It was decided to work with human Ces1 as an additional enzyme that targets another location of the peptide. As the nasal enzymatic activity of Ces is not exactly known,[@b43-ijn-12-8531] Ces1 concentration was considered fixed when raw Ghrl degradation was observable after 15 minutes (a period equivalent to mucociliary clearance,[@b31-ijn-12-8531] which could theoretically correspond to the time spent by Ghrl in the nasal cavity). Ces1 is strongly present in the nasal cavity on both ciliated and unciliated respiratory epithelia, but also in the olfactory area in Bowman's gland of the lamina propria and the sustentacular cells of the epithelial barrier.[@b44-ijn-12-8531] Ces1 types are responsible for the hydrolysis of both ester and amide bond-containing drugs. They also hydrolyze long-chain fatty-acid esters and thioesters, such as the octanoyl group of Ghrl. Since the presence of the octanoyl chain was shown to be essential to preserving the physiological activity of Ghrl, it seemed necessary to demonstrate the ability of ALs to preserve the integrity of the octanoyl group of Ghrl from the activity of Ces1.

The protection obtained with ALs was 4.7-fold higher (81.6%) than with Ghrl in solution (17.2%) ([Table 4](#t4-ijn-12-8531){ref-type="table"}). Globally, the degradation obtained with ALs in Ces1 was less than with Tryp (79.4% with Tryp and 18.4% with Ces1). It is known that Tryp preferentially cleaves lysine and arginine[@b45-ijn-12-8531] residues at the C-terminal side of the peptide sequence. The Ghrl structure contains three arginine and four lysine residues that are potential sites of Tryp cleavage. For its part, Ces1 selectively hydrolyzes the ester bond between the main peptide body and the octanoyl chain.[@b46-ijn-12-8531] This is most probably inserted inside the bilayer of the liposomes, as observed previously with the comparison between the postformation and rehydration methods after Tryp digestion. This configuration made the ester bond less accessible to Ces1 due to steric hindrance, while Tryp attacked the hydrophilic body more easily and thus induced higher degradation.

Regarding overall enzymatic degradation, ALs showed very interesting results, which could make the administration of this type of unstable peptide possible and compatible with the conditions (presence of various enzymes, eg, aldehyde dehydrogenase, CYP450-dependent monooxygenase, Ces)[@b40-ijn-12-8531] encountered in the human nasal cavity.

Isothermal titration calorimetry
--------------------------------

As potential Ghrl--AL interaction was suggested by size and ζ-potential data, ITC was selected to collect additional information on the binding of Ghrl to AL-free. The binding coefficients as well as the heat flow collected should be useful for a better understanding of Ghrl--AL interaction. The decrease in exothermic signal in the ITC profile after each injection of ALs ([Figure 1](#f1-ijn-12-8531){ref-type="fig"}) showed that the quantity of Ghrl available for binding to AL-free decreased after each addition of liposomes. This confirmed that Ghrl bound progressively onto AL-free.

The negative value ([Table 5](#t5-ijn-12-8531){ref-type="table"}) observed for ΔG with Ghrl--AL-free interaction revealed the favorable and spontaneous nature of the interaction. Moreover, TΔS was much higher than ΔH, which suggested that the interactions involved were mainly driven by hydrophobic affinities.[@b47-ijn-12-8531] However, as previously observed, the charge modulation clearly impacted EE, which suggests a strong influence of the charge on the Ghrl--AL-free interaction.

The interaction between Ghrl and AL-free could take place in two ways. A first hypothetical Ghrl localization could include the body of the peptide inside the liposomes' aqueous cavity, while the octanoyl chain would be inserted into the hydrophobic liposome bilayer. For this, Ghrl should pass through the liposome bilayer in order to reach the aqueous cavity. This passage would probably not be energetically favorable and thus not in accordance with ITC results. The second localization would be quite similar, except that the body of Ghrl would be present at the external part of the liposomal structure. In both theoretical localizations, the octanoyl fatty-acid group is inserted in the lipid structure. This interaction has already been described in other studies,[@b37-ijn-12-8531],[@b38-ijn-12-8531] and shown to provide significant protection to the octanoyl group, which is essential for preserving the physiological activity of Ghrl.[@b34-ijn-12-8531]

HTCC-coated liposomes
---------------------

It was shown that Ghrl interacted with ALs and that ALs improved the protection of the peptide. However, there are other areas that need to be optimized, which are residence time and absorption in the nasal cavity. Chitosans have been well studied for various administration routes, including intranasal administration. They offer several advantages, among which are mucoadhesion and tight junction (TJ) opening.[@b48-ijn-12-8531] To combine the beneficial effects of chitosans and liposomes, it was decided to coat ALs with HTCC. This derivative was selected as it is soluble at physiological pH (pH of the nasal cavity: 6.3). The nasal administration of peptide with such formulation strategies has already shown interesting properties (also with other administration routes).[@b49-ijn-12-8531],[@b50-ijn-12-8531]

The HTCC-concentration range used after dilution in the AL suspensions for the coating was fixed between 1 mg/mL and 5 mg/mL.[@b51-ijn-12-8531] Higher HTCC concentrations (\>1 mg/mL) did not provide satisfactory results with a PDI larger than 0.198 (data not shown). It is usually considered that a PDI larger than 0.2 reflects a nonmonomodal size distribution. Coating of ALs with 1 mg/mL HTCC was then performed, and showed a large increase in *Z*-average (48 nm) in comparison with ALs ([Table 6](#t6-ijn-12-8531){ref-type="table"}). The ζ-potential of cationic Ghrl involved a switch from −14 mV to −0.6 mV before and after the addition of Ghrl to ALs, respectively. As the resultant charge remained slightly anionic (−0.6 mV), the coating with cationic HTCC was possible thanks to electrostatic attraction. Once ALs had been coated with HTCC, the resultant charge was positive (6 mV). The HTCC concentration of 1 mg/mL was selected for further characterization, since the *Z*-average and PDI were satisfactory. To visualize the morphology and confirm the size of both ALs and HTCC-ALs, TEM analyses were performed.

TEM ([Figure 2](#f2-ijn-12-8531){ref-type="fig"}) confirmed the "large unilamellar vesicle" structure of liposomes, with a *Z*-average larger than 100 nm and a single lipid bilayer. Once the liposomes had been coated with HTCC, they became black, due to the polymer coating. The sizes observed by TEM for both ALs and HTCC-ALs were comparable with the *Z*-averages obtained by dynamic light scattering, which were 147.3±4.3 and 194±6.1 nm, respectively.

Permeation studies, mucoadhesion, and osmolality
------------------------------------------------

Chitosan is known to provide mucoadhesion, but this compound and its derivatives are also known to open TJs. This action on TJs was assessed using the Calu3 cell line, epithelial cells isolated from lung adenocarcinoma. These cells may be used to evaluate both the permeability and the potential toxicity of nasal drug-delivery sytems.[@b23-ijn-12-8531],[@b52-ijn-12-8531] The use of lung cells to evaluate the response of nasal epithelial cells to a drug is explained by the multiple similarities between Calu3 and nasal mucosa. Indeed, Calu3 are characterized by mucus production, the presence of TJs, and cilia. These characteristics justify the cells' use for permeation studies of formulations intended for nasal delivery.[@b53-ijn-12-8531],[@b54-ijn-12-8531] The particular cell-culture conditions under an air--liquid interface induce polarization of the cells, similarly to physiological conditions found in the respiratory tract.

The cellular transport of Ghrl through the blood--brain barrier has already been studied,[@b7-ijn-12-8531] but no data are available regarding its nose--brain transfer. As the transport of Ghrl is assumed to be paracellular, like most peptides,[@b55-ijn-12-8531] the addition of HTCC to the formulation could be justified by its ability to open TJs.[@b48-ijn-12-8531] Based on this theory, Calu3-transport studies were performed.

Ghrl permeation was compared with that of Cal. As it is known that paracellular transport is limited by molecular weight, Cal was selected, as it is a peptide hormone that uses paracellular transport and has a molecular weight close to that of Ghrl (3,454.9 and 3,370.9 Da for Cal and Ghrl, respectively). Cal was thus used as a positive control for paracellular transport.[@b56-ijn-12-8531] Caf permeation was also assessed as a transcellular positive control with low molecular weight (194.19 Da).[@b57-ijn-12-8531] Both compounds are physiologically active in the brain.[@b58-ijn-12-8531],[@b59-ijn-12-8531] Regardless of the molecule, the passage was followed with and without addition of HTCC (1 mg/mL). The impact of HTCC on permeation was assessed because of its enhancing effect on the permeation of peptides through nasal mucosal layers.[@b22-ijn-12-8531],[@b60-ijn-12-8531] The solutions evaluated for this experiment were PBS buffer pH 7.4 containing Cal, Caf, or Ghrl solubilized with or without HTCC. The degree of deacetylation of the HTCC was 33% to minimize cytotoxicity, which correlates with the degree of deacetylation.[@b61-ijn-12-8531] If Ghrl crosses a Calu3 monolayer using paracellular transport, the diffusion should be higher when HTCC is added (similarly to Cal).

HTCC addition allowed both Cal and Ghrl permeation (2.9 and 8.2% for Cal and Ghrl, respectively) to be increased ([Table 7](#t7-ijn-12-8531){ref-type="table"}). The higher permeation for Ghrl could be explained by its amphiphilic property, which could make its transfer easier than Cal. It thus seems that like Cal, Ghrl is characterized by paracellular transport. This observation can be supported by the TEER values ([Figure 3](#f3-ijn-12-8531){ref-type="fig"}). These reduced when HTCC was used, confirming the TJs' opening. The reversibility of this phenomenon was assessed and confirmed 24 hours after the test by TEER measurements (data not shown). In contrast, Caf showed overall higher permeation through the Calu3 monolayer, due to its low molecular weight and transcellular transport. However, as Caf is characterized by transcellular transport, permeation was not impacted by the addition of HTCC ([Table 7](#t7-ijn-12-8531){ref-type="table"}). After paracellular transport of Ghrl had been confirmed, it was decided to study the complete formulation with HTCC-ALs further.

In order to show the effect of the HTCC-coating with regard to mucoadhesion, adhesion to mucins was determined for HTCC-ALs and compared to ALs. Mucins are the most represented glycoproteins in the nasal mucus (2%--5%).[@b62-ijn-12-8531] They contain sulfate and sialic acids, which confer a negative resultant charge on the mucus surface.[@b63-ijn-12-8531] Adhesion of formulations to mucins is essential to avoid rapid mucus clearance of the liposomes in the nasal cavity and to prolong diffusion to the brain.[@b64-ijn-12-8531] Both formulations showed the ability to complex mucins, with 39.8% and 62.7% adhesion for ALs and HTCC-ALs, respectively ([Table 8](#t8-ijn-12-8531){ref-type="table"}). The coating with HTCC and the positive charge of the amino groups allowed electrostatic interactions with negative sialic acid of mucins. This led to a 22.9% increase in bioadhesion. This interaction with mucins could extend the residence of the formulation in the nasal cavity, and would thus optimize its transfer to the brain.

Before proceeding to permeation tests on Calu3 cells, the osmolality of both coated and uncoated formulations was assessed. It is known that a liquid formulation intended for nasal delivery should be close to or even slightly higher than 290 mOsm/kg and less than 500 mOsm/kg.[@b65-ijn-12-8531] Hypertonic formulations can be used occasionally, while isotonic solutions are suited for chronic use. Hypotonic formulations should be avoided. For ALs and HTCC-ALs, the values obtained were quite close, at 405 and 409 mOsm/Kg, respectively ([Table 8](#t8-ijn-12-8531){ref-type="table"}). These values reflect the physiological conditions of the nasal cavity.

After this, the permeation of Ghrl (1 mg/mL) in ALs and HTCC-ALs was assessed. HTCC-ALs (10.8%) provided very limited improvement in permeation compared to HTCC in solution (8.2%, [Table 7](#t7-ijn-12-8531){ref-type="table"}). HTCC coating of ALs loaded with Ghrl seemed to enhance the transport of Ghrl compared to the simple solution of HTCC and Ghrl. HTCC-ALs showed enhanced permeation compared to ALs (10.8±0.71 versus 3.6%±0.25% for HTCC-ALs and ALs, respectively). It appears that the coating of ALs with HTCC had a positive effect on their permeation in contrast with ALs without coating. ALs offered only a slight permeation increase in comparison with Ghrl solution (3.6%±0.25% versus 0 for ALs and Ghrl in solution, respectively), which suggests that their major function lies rather in enzymatic protection. Finally, Ghrl permeation of 10.8%±0.71% was obtained with HTCC-ALs in comparison with no permeation for the Ghrl solution. This formulation thus offers the advantage of combining the protective effects of ALs with an increase in permeability provided by HTCC.

Droplet-size distribution
-------------------------

The size of the droplets generated from a device is a predominant factor in the deposition site in the respiratory tract.[@b66-ijn-12-8531] As specified by US Food and Drug Administration and European Medicines Agency guidelines, the percentage of droplets \<10 µm must be minimized to reduce their potential deposition in the lungs. Another phenomenon depending on the size distribution of the droplets is determination of the deposition site in the nasal cavity. For instance, it is well known that droplets or particles \>10 µm are deposited in the anterior part of the nose.[@b67-ijn-12-8531] However, large particles are usually cleared more quickly from the nasal cavity, thanks to mucociliary clearance.[@b68-ijn-12-8531]

The VP3 device coupled with the Aptar 144GI actuator generated only 3.2% of droplets \<10 µm for ALs ([Table 9](#t9-ijn-12-8531){ref-type="table"}), which could be potentially deposited in the lower airways. This percentage represents only a small fraction of the entire droplet population and suggests negligible loss in the lower airways. The Dv~50~ was 37.6±8.7 µm and Dv~4,3~ 40.8±8.9 µm. When the HTCC-AL dispersion was introduced in the device, the Dv~50~ of the droplets generated was similar to that obtained with ALs (37.6±8.7 and 38.5±5.8 µm, respectively).

Droplet-size distribution was then studied with the SP270 device. The Dv~50~ obtained with ALs in the conventional device was very close to that obtained with the VP3 device. However, a significant increase in Dv~50~ and Dv~4,3~ was observed for HTCC-ALs from the conventional device, showing droplets more than twice as large (Dv~50~ of 40.41±2.78 and 95.36±9.57 µm with ALs and HTCC-ALs, respectively). The potential viscosity afforded by HTCC could be responsible for this evolution, as has been already observed in another study.[@b69-ijn-12-8531] The SP270 device is clearly more impacted by viscosity variations than the VP3 device.

Conclusion
==========

By changing the liposome compositions, it was possible to modulate the ionic charge and thus increase both EE and enzymatic protection (Tryp and Ces1). Electrostatic and hydrophobic interactions between Ghrl and ALs were demonstrated, and ALs appeared to be an interesting choice of formulation for Ghrl nasal delivery with brain targeting. The coating of ALs with HTCC was confirmed by both size and charge augmentations, but also by morphological assessments. HTCC-ALs showed stronger adhesion to mucins than ALs, and osmolality values were consistent with nasal administration.

Calu3 experimentation showed that Ghrl uses paracellular transport and that HTCC had an enhancing effect on Ghrl permeation. It was also underscored that ALs need to be coated with HTCC to obtain improved Ghrl permeation. By combining the beneficial effects of both ALs and HTCC, it was possible to protect Ghrl, increase bioadhesion, and optimize its transfer through Calu3 cells. The aerosol properties after actuation of the device were satisfactory with suitable size distributions.

Overall, the formulation developed could closely match the criteria required for efficient nose--brain delivery. The development of a treatment associated with this route of administration could offer a great opportunity to provide effective and high-compliance treatment to patients suffering from cachexia. However, the nasal administration of the formulation to mice should be the next step, in order to confirm the theoretical transfer from the nose to the brain by fluorescent labeling and confocal microscopy, for example.
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![Heat flows observed by ITC after each addition of AL-free (10 mg/mL) PBS in Ghrl (0.33 mg/mL) versus time (PBS pH 7.4, 26°C).\
**Abbreviations:** ITC, isothermal titration calorimetry; AL-free, anionic liposome without Ghrl; Ghrl, ghrelin; PBS, phosphate buffered saline.](ijn-12-8531Fig1){#f1-ijn-12-8531}

![Transmission electron microscopy of Ghrl-ALs (**A**) and HTCC-ALs (**B**).\
**Note:** Arrows indicate LUV structure of ALs.\
**Abbreviations:** ALs, anionic liposomes; Ghrl-ALs, ghrelin-loaded anionic liposomes; HTCC-ALs, *N*-(\[2-hydroxy-3-trimethylammonium\]propyl) chitosan chloride-coated Ghrl-ALs; LUV, large unilamellar vesicles.](ijn-12-8531Fig2){#f2-ijn-12-8531}

![Evolution of TEER (expressed for inserts of 4.2 cm^2^) versus time for inserts containing Ghrl in solution before and after HTCC addition (1 mg/mL).\
**Abbreviations:** TEER, transepithelial electrical resistance; Ghrl, ghrelin; HTCC, *N*-(\[2-hydroxy-3-trimethylammonium\]propyl) chitosan chloride.](ijn-12-8531Fig3){#f3-ijn-12-8531}

###### 

Lipid compositions selected for liposome preparation

  Lipid percentages (m/m)                  
  ------------------------- ---- ---- ---- ----
  Neutral liposomes         50   50   0    0
  Cationic liposomes        45   45   0    10
  Anionic liposomes         45   45   10   0

**Abbreviations:** DHDP, dihexadecyl phosphate; DOTAP, 1,2-dioleoyl-3-trimethylammonium propane (chloride salt).

###### 

Characterization of liposomes formulations with Ghrl and lipid concentrations of 1 mg/mL and 10 mg/mL, respectively

  Formulations         *Z*-average (nm)(PDI)   ζ-Potential (mV)    EE (%)                  
  -------------------- ----------------------- ------------------- ----------- ----------- ----------
  Anionic liposomes    130.2±1.3 (0.098)       146.9±2.7 (0.105)   −14.0±0.7   −0.3±1.2    56.1±7.8
  Neutral liposomes    143±2.2 (0.105)         152.9±4.8 (0.094)   +0.5±0.4    +4.1±1.4    21.3±4.1
  Cationic liposomes   137.3±3.6 (0.082)       151±3.9 (0.062)     +13.5±1.5   +18.9±3.1   9.8±3.7

**Note:** Data presented as means ± SD (n=3).

**Abbreviations:** Ghrl, ghrelin; PDI, polydispersity index; EE, encapsulation efficiency.

###### 

Enzymatic protection for Ghrl in the presence of trypsin (140 IU/mL, 15 minutes, 37°C, n=3) for Ghrl (1 mg/mL)-loaded liposomes

  Formulations                 Enzymatic protection (%)
  ---------------------------- --------------------------
  Ghrl-ALs                     20.6±4.2
  Ghrl-NLs                     10.2±2.9
  Ghrl-CLs                     5.6±1.4
  Rehydration method (ALs)     24.0±3.7
  Postformation method (ALs)   0

**Note:** Data presented as means ± SD (n=3).

**Abbreviations:** Ghrl, ghrelin; ALs, anionic liposomes; NLs, neutral liposomes; CLs, cationic liposomes.

###### 

Enzymatic protection of Ghrl in solution and loaded in ALs after Ces1 exposure

  Formulations   Protection (%)
  -------------- ----------------
  Ghrl           17.2±4.9
  Ghrl-ALs       81.6±8.9

**Notes:** Ces1 124 UI/mL, 15 minutes, pH 7.4, 37°C. Data presented as means ± SD (n=3).

**Abbreviations:** Ghrl, ghrelin; ALs, anionic liposomes; Ces, carboxylesterase.

###### 

Binding coefficient (K), Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (TΔS) from ITC analysis of AL-free PBS (10 mg/mL) and Ghrl (1 mg/mL) PBS

         K (mM^−1^)   ΔG (kcal/mol)   ΔH (kcal/mol)   TΔS (kcal/mol)
  ------ ------------ --------------- --------------- ----------------
  Mean   0.875        −6.4            −0.09           6.315

**Note:** PBS pH 7.4, n=2, 26°C.

**Abbreviations:** ITC, isothermal titration calorimetry; AL, anionic liposome; Ghrl, ghrelin; PBS, phosphate buffered saline; AL-free, anionic liposome without Ghrl.

###### 

Comparison of *Z*-average, PDI, and ζ-potential among formulations

  Parameters               AL-free           Ghrl-ALs            HTCC-ALs
  ------------------------ ----------------- ------------------- -----------------
  *Z*-average (PDI) (nm)   131±3.9 (0.104)   147.3±4.3 (0.119)   194±6.1 (0.198)
  ζ-potential (mV)         -14±1.2           -0.6±0.3            +6±0.4

**Notes:** Ghrl 1 mg/mL, AL 10 mg/mL, HTCC 1 mg/mL, PBS pH 7.4, 25°C. Data presented as means ± SD (n=3).

**Abbreviations:** AL, anionic liposome; Ghrl-ALs, ghrelin-loaded ALs; HTCC-ALs, *N*-(\[2-hydroxy-3-trimethylammonium\]propyl) chitosan chloride-coated Ghrl-ALs; PDI, polydispersity index; PBS, phosphate buffered saline; AL-free, anionic liposome without Ghrl.

###### 

Distribution (%) of Ghrl, Cal, and Caf solutions at a concentration of 1 mg/mL with or without HTCC (1 mg/mL) after 3 hours

  Formulations          Apical      Basal
  --------------------- ----------- ----------
  Ghrl                  100±1.3     0
  Ghrl + HTCC 1 mg/mL   91.8±5.5    8.2±0.97
  Caf                   64.4±3.42   35.5±2.9
  Caf + HTCC 1 mg/mL    66.9±0.3    33±1.92
  Cal                   100±6.11    0
  Cal + HTCC 1 mg/mL    97.1±0.06   2.9±0.22

**Notes:** HBSS pH 7.4, 37°C. Data presented as means ± SD (n=3).

**Abbreviations:** Ghrl, ghrelin; Cal, calcitonin; Caf, caffeine; HTCC, *N*-(\[2-hydroxy-3-trimethylammonium\]propyl) chitosan chloride; HBSS, Hank's balanced salt solution.

###### 

Osmolality, mucoadhesion, and amounts in the basal side after permeation through Calu3 cells

  ------------------------------------------------------------
  Formulations    Osmolality\      Mucoadhesion\   Basal\
                  (mOsm/kg ± SD)   (% ± SD)        (% ± SD)
  --------------- ---------------- --------------- -----------
  Ghrl-ALs        405±4            39.8±4.7        3.6±0.25

  HTCC-ALs        409±2            62.7±5.6        10.8±0.71

  Ghrl solution   --               --              0
  ------------------------------------------------------------

**Notes:** HBSS has been used for permeation studies while PBS was used for osmolality and mucoadhesion. Data presented as means ± SD (n=3). '--' indicates no evaluation.

**Abbreviations:** Ghrl-ALs, ghrelin-loaded anionic liposomes; HTCC-ALs, *N*-(\[2-hydroxy-3-trimethylammonium\]propyl) chitosan chloride-coated Ghrl-ALs; HBSS, Hank's balanced salt solution; PBS, phosphate buffered saline.

###### 

Droplet-size data collected by laser diffraction (Spraytec) from aerosols

                     \% \<10 µm   Dv~50~ (µm)   Dv~4,3~ (µm)
  ------------------ ------------ ------------- --------------
  **VP3 device**                                
  Ghrl-ALs           3.2±1.2      37.6±5.74     40.8±8.9
  HTCC-ALs           4.1±1.4      38.47±5.76    41.8±7.58
  **SP270 device**                              
  Ghrl-ALs           3.6±2.54     40.4±2.78     42.4±2.8
  HTCC-ALs           6.9±2.32     95.36±9.57    96.75±9.79

**Notes:** Ghrl-ALs 10 mg/mL, HTCC-ALs 1 mg/mL, PBS pH 7.4. Data presented as means ± SD (n=3).

**Abbreviations:** Ghrl-ALs, ghrelin-loaded anionic liposomes; HTCC-ALs, *N*-(\[2-hydroxy-3-trimethylammonium\]propyl) chitosan chloride-coated Ghrl-ALs; Dv~50~, median volume diameter; Dv~4,3~, mean Dv; PBS, phosphate buffered saline.
